Fetal heart rate (FHR) monitoring is a routine for obtaining significant information about the fetal condition during pregnancy and labour. Fetal condition may change abruptly during the pregnancy period. Therefore, a continuous fetal electrocardiogram (FECG) monitoring will ease the fetal well-being. An algorithm has been developed to detect R-peak for the simultaneous measurement of the fetal and maternal hearts rates during pregnancy and labor for fetal monitoring. The algorithm is based on a cross-correlation, adaptive threshold and statistical properties in the time domain. The performance achieved for the R-peak detection for the heart rate measurements shows that the model can extract R-peak for both, mother and fetus utilizing a single-lead configuration. The algorithm has been implemented in the field of propagation gate array (FPGA). The design was synthesized and fitted into Altera's Stratix EP1S10 using the Quartus II platform because of its enhanced DSP capability. Test case results showed an error percentage of around ±0.3% and ±0.5% for the R-peak detection of maternal and fetal mortality respectively. The system is capable of running at a maximum clock frequency of 48.56MHz, and consumes 9633 logic elements, 101616 memory space and 4 units of DSP blocks.
Introduction
The electrocardiogram (ECG) is the electrical signal produced by the heart and contains the distinctive shape known as the QRS complex. The time between two successive R peaks of the QRS complex is known as the RR interval and the heart rate (HR) is the reciprocal of the RR interval expressed in Beat Per Minute (BPM). Electronic fetal heart rate (FHR) monitoring is used to determine if the fetus is free from any complications such as antenatal uteroplacental insufficiency and fetal hypoxia, and to determine the fetal health [1] . Continuous efforts are being made to produce more efficient and accurate methods to extract the fetal RR interval, and gain a better interpretation of the FHR patterns by researchers.
At present, Doppler ultrasound has become a popular technique of monitoring the FHR abdominally but attempts to produce a portable system have not been successful because of its sensitivity to movements [2] . A method utilizing the abdominal electrocardiogram (AECG) has a better prospect for long-term monitoring but requires much signal processing to be done [2, 3] . This method is non-invasive and has potential to convey the electro-physiological information, which helps to determine the conditions of the fetus such as stress and acidosis, and uterine activity [3, 4] . The disadvantages of such systems require intermittent repositioning of the transducer and they are only suitable for use with highly trained midwifes. The ultrasound transducer is problematic and uncomfortable while the procedure involves launching a 2 MHz signal towards the fetus. The use of Doppler ultrasound (invasive manner) is not suitable for long periods of FHR monitoring [5] [6] [7] . Doppler ultrasound technique suffers from the limitation of sensitivity to movement and most Doppler systems rely upon some form of averaging to produce their FHR data. In contrast, methods utilizing the AECG have a greater prospect for long-term monitoring of FHR and fetal well-being using signal processing techniques. The AECG signal can also be used for antepartum non-invasive FHR determination through the detection of small fetal cardiac potentials at the surface of the maternal abdomen [8] . The AECG can be used to produce true RR interval data, which is suitable for heart rate variability studies if required. Its advantages are that it is completely non-invasive and unobtrusive, has comparatively low power requirements and can be used over extended (e.g. 24 hours) periods. The method additionally allows the maternal heart rate (MHR) to be recorded since the MECG is also detected from the AECG. The advantage of using AECG to extract FECG is that additional information can be extracted compare to using Doppler ultrasound although the accuracy of this technique is much lower compare to the former one [9] .
The Field-programmable gate arrays (FPGA) offers a potential alternative to speed up the hardware realization [10, 11] . From the perspective of computer-aided design, FPGA comes with the merits of lower cost, higher density, and shorter design cycle [12] . It comprises a wide variety of building blocks. Each block consists of programmable look-up table and storage registers, where interconnections among these blocks are programmed through the hardware description language [13] . This programmability and simplicity of FPGA made it favorable for prototyping digital system. FPGA allows the users to easily and inexpensively realize their own logic networks in hardware. FPGA also allows modifying the algorithm easily and the design time frame for the hardware becomes shorter by using FPGA [14] .
In this work we propose the framework of FPGAbased hardware realization of fetal heart-rate detection algorithm. The VHDL is selected as the hardware description language, which could be used to realize the maternal and fetal QRS complex extraction to measure both the FHR and maternal heart rate (MHR). The use of VHDL for modeling is especially appealing since it provides a formal description of the system and allows the use of specific description styles to cover the different abstraction levels (architectural, register transfer and logic level) employed in the design [11] . In the method computation of, the problem is first divided into small pieces; each can be seen as a submodule in VHDL. Following the software verification of each submodule, the synthesis is then activated. It performs the translations of hardware description language code into an equivalent netlist of digital cells. The synthesis helps integrate the design work and provides a higher feasibility to explore a far wider range of architectural alternative [12] . In this study, to validate the effectiveness of the method, various maternal ECG have been used. The method provides a systematic approach for hardware realization, facilitating the rapid prototyping of Fetal heart-rate detection.
Clinical significance of FECG morphology
Biomedical signal implies a collective electrical signal acquired from any organ that represents a physical variable of interest where the signal is considered in general a function of time and is describable in terms of its amplitude, frequency, and phase. FECG is a biomedical signal that provides electrical representation of FHR to get the vital information about the condition of fetus during gestation and labor from the recordings on the mother's body surface. Sometimes the FECG is the only information source in early stage diagnostic of fetal health and status. The FECG signal is very much related to the adult ECG, containing the same basic waveforms including the P-wave, the QRS complex, and the T-wave. The PQRST complex as shown in figure 1 is an electric signal produced by the contraction of the heart's muscle called myocardium. It is composed of three parts; first, the P-wave reflects the contraction of the atriales. Second, the QRS-complex is related to the contraction of the ventricles, due to the magnitude of the R-wave, it is extremely reliable. Finally, the T-wave, which corresponds to the repolarization phase, which follows each heart contraction. 
Methodology

R-peak detection of maternal QRS
The detection of maternal QRS complexes begins with cross-correlating the signal with an average maternal QRS template. The cross-correlation output of the signal x at each instant n with the template s(k) is given by
where,
The template s(k) with (M + 1) equally spaced points over 80 ms has been empirically found to be optimized for the detection of maternal QRS complexes when M = 8. The width of the template is based on the normal width of the maternal QRS complex [15] . The template is continuously updated with the detection of R peaks to take into consideration the variation of shape of the maternal QRS complexes in AECG.
The local maxima search routine measures the slope of the cross-correlated output by
It also assumes a maximum at sample (n -1) when the slope changes from y'(n-1)  0 to y'(n)  0. If no maximum is found in the subsequent 20 ms (assumed to be the minimum fetal QRS duration), the sample value y(n-1) and corresponding instant are saved as the local maximum. This 20 ms search interval is necessary to avoid taking small spikes on the slopes of the QRS complexes as maxima.
Three values, V M1 > V M2 > V M3 , and their time instants corresponding to the largest three local maxima are stored within an R wave search interval. The length of the search interval is initially one second (in fact 1024 ms for computational simplicity) and it is then continuously updated after the first RR interval measurement. The one-second search interval and the saving of 3 local maxima assume that the maternal heart rate (MHR) does not exceed 120 BPM which means at most 2 maternal R peaks can be found in the initial search interval. If V M1 is validated as the R peak then the value V M2 is taken as the noise. V M3 is kept for cases when V M2 is validated as the R peak. The threshold used in the detection is set initially by assuming a minimum maternal R peak of 10 V and it is continuously updated based on the levels of both R peak and noise [16] . A possible maternal R peak is assumed to be found when the value V M1 exceeds this threshold. V M2 is also considered as an R peak if the value is comparable to that of V M1 and the resulting heart rate is below 120 BPM, as earlier assumed. Hence the criteria:
and
If V M2 also exceeds the threshold, the QRS template is compared with the complexes associated with both V M1 and V M2 . The one with the least mean square error is taken to be the R peak. The other peak is assumed to be a large spike in the signal and its position is saved for use in the fetal R peak validation routine. If V M2 has the larger error, its position is saved only if inequality in (3) applies, because smaller V M2 may be associated with an actual fetal R peak.
The running average used in this algorithm is performed to average the QRS templates, RR intervals, levels of R peak and noise. The b-th value of the running average A(b) is given by a weighting of the previous average A(b-1) plus that of the new value C(b) as shown in the following equation:
The running averages of noise and R peaks (A N and A R ) are estimated over B recent values where, B = 8 in (5) has been empirically found to be effective. Based on these averages, two thresholds, TM 1 and TM 2 are used in the R wave search. They are given by
The adaptation of the threshold to varying R peak and noise levels, and the R wave search interval are based on the method proposed in [17] .
If the maximum search limit is reached while the local maximum V M1 has a value less than TM 1 , then V M1 is taken as a possible R peak if it exceeds the second threshold, TM 2 . If no such V M1 is found, a signal loss is assumed. The local maxima values are then set to zero for the subsequent R wave search. Four latest maternal RR intervals are maintained in record for the purpose of checking coincidences of the maternal with the fetal R waves.
R-peak detection of fetal QRS
The maternal electrocardiogram (MECG) complex is then subtracted upon detection of a maternal QRS to remove the maternal contribution from the abdominal signal. This complex is of fixed duration, 160 ms before and 320 ms after the maternal R peak instant. This duration assumes that the average MHR is less than 125 BPM and it should normally include the P and T waves, if any. The MECG template is matched with actual MECG in the abdominal signal by scaling it with the factor,
where, Value1 < Value2. These values are obtained from the cross-correlation of abdominal signal with maternal template and auto correlation of the maternal template. If the cross correlation value is greater than the auto correlation value, then the abdominal signal is multiplied by the factor K and MECG template is subtracted, if not, MECG template is multiplied by factor K and subtracted from the abdominal ECG signal.
The detection of the fetal QRS complex begins by differencing local maxima and minima on the output of the subtracted signal when the time marker counter, which was initiated at the second accepted maternal R peak, has reached 2048 ms [18] . This duration ensures that the 2 second delayed samples are already within the MECG subtracted region of the signal. Observing the waveforms, it is possible to differentiate between fetal events and noise events if the amplitudes are similar. This is partly because of the rapid and large deflections between a local maximum and the following local minimum when a fetal beat has occurred. From (2), a minimum is assumed at sample (n -1) when the slope changes from y'(n-1)  0 to y'(n)  0. The absolute value of the difference between successive peak and valley is computed for each max-to-min interval.
The local maxima search routine is performed on the output of the differencing of local maxima and minima routine, and three largest maxima, V F1 > V F2 > V F3 are kept as before. The initial search interval is 640 ms so that at most two fetal R peaks can be found by assuming the FHR does not exceed 187 BPM during the initial search interval. The first search is repeated for another subsequent 640 ms if the largest local maximum, V F1 is concurrent with a maternal QRS complex and V F2 is smaller than a threshold or is also concurrent. The threshold used in the FHR detection is set initially by assuming a minimum fetal R peak of 5 V and it is continuously updated [17] . The routine is similar to that for the maternal case but uses the following criteria to accept V F2 as a possible fetal R peak: 
The second search is repeated if the accepted first fetal R peak is found to be concurrent with a maternal QRS complex or if 
where t F and t M are the fetal and maternal R peak instants, respectively. The range in (12) accounts for possible overlap of the two complexes, which are assumed to have widths of 50 and 80 ms respectively. The overlap is checked by relating the fetal R peak instant to the four latest maternal RR intervals.
The subsequent fetal R wave detection procedure is the same as that for the maternal R wave using two thresholds, TF 1 and TF 2 which are set as in (6) and (7), according to the running average of the R peaks and noise with B = 8 in (5). The determination of the fetal R wave search interval is also based on the method proposed in [18] . The second threshold, TF 2 is used when the maximum search limit is reached. A signal loss is assumed when no maximum exceeding the threshold is found. When the second threshold is used to identify a fetal R peak, the peaks are averaged with B = 4 so that the first threshold will quickly adapt to the smaller signal.
After a possible fetal R wave is found, a continuation of the search for up to 220 ms is carried out unless the maximum search limit is reached. This forward searching reduces the possibility of false R wave detection with the assumption that the heart rate does not exceed 270 BPM. (17) which allows for the difference in correlation delay when obtaining t S and t F1 respectively. If V F1 is identified as a large spike in the signal, then V F2 and V F3 are assumed to be the fetal R peak and the noise, respectively. Thresholds and search interval limits are updated according to the procedure described earlier and the local maxima values are then set to zero for the subsequent R wave search.
System realization in hardware
The QRS detection algorithm was initially implemented in Visual C++ because it is simpler and faster to verify the functionality and reliability. Then, the algorithm was implemented in VHDL; where Altera's Quartus II version 4.0 is used as the platform. As a result, for VHDL implementation the algorithm has to be thought of as a structural, behavioral and physical version of the algorithm. The advantage of using Quartus II is that the system can be synthesized into a physically available FPGA, or the built-in simulation device models. The built-in simulation device models emulate the real device with the actual timing and power values. Thus, its performance in terms of timing, speed, power consumption, total logic element counts and functionality can be ascertained. Modifications can be easily performed and its impact to the physical implementation, especially in terms of timing and functionality can be immediately known. Figure 2 shows a simplified block diagram of the implementation of the system. Basically, the system is categorized into three main sections, the common, maternal and fetal sections. The common block, shared by both maternal and fetal sections are the data input section, memory register section, memory initialization section and main control section. Maternal blocks consist of the maternal initialization sections (XCM1 block, inipar1 block, maternal inipar2 block and iniSub block), maternal RR interval block, maternal validation block, maternal subtraction block and maternal correlation & local maxima section. Fetal blocks consist of fetal initialization section, fetal extraction section, fetal correlation section, fetal local maxima search section, fetal template update section and fetal coincidence section. The pins for the system PIN_NEWDATA, PIN_DATA and PIN_DATAREQ are used to interface with an external module to retrieve new data. When the system is done, PIN_RB_RE, PIN_RB_RADD and PIN_RB_RDATA are used to access the DPRAM to retrieve the stored maternal and fetal RR interval results from their corresponding memory segment.
Results and discussion
Data structure
In this research, the signals used were downloaded from MIT database website. The signals consist of both normal AECG and AECG with paroxysmal atrial fibrillation. The test signals consist of both normal and atrial fibrillation ECG.
The data set consists of 50 record sets. Each record set contains two 30-minute with consecutive record names (e.g., n01 and n02), and two 5-minute "continuation" records with names ending in c (e.g., n01c and n02c). All four records in each record set are excerpts of longer continuous AECG recordings of a single subject. The 50 record sets come from 48 different subjects. The records with names beginning with p come from subjects who have paroxysmal atrial fibrillation (PAF). The second (even-numbered) record in each pair of 30-minute records contains the ECG immediately preceding an episode of PAF. Thus, for example, record p16 immediately precedes the episode of the PAF in record p16c.
The first (odd-numbered) record of the set (for example, record p15) contains 30 minutes of the AECG during a period that is distant from any episode of PAF. Distant means there is no PAF during the 45-minute period before or after the 30-minute record in this case. The corresponding 5-minute continuation record (e.g., record p15c) shows the minutes immediately following the PAFdistant record.
The records with names beginning with n come from subjects who do not have documented atrial fibrillation, either during the period from which the records were excerpted or at any other time. The subjects include healthy controls, patients referred for long-term ambulatory ECG monitoring, and patients in intensive care units. 
Visual C++ and VHDL simulation
The result in table 1 using Visual C++ shows encouraging results with the test case, where the fetal R peak could be detected up to 98%. Upon completion of the test case simulation using VHDL, the system performs a read request to retrieve all the maternal and fetal results. A sample read operation for maternal and fetal R peaks detection is shown in figure 3 with the initial 4900 sample data. The Quartus simulation result shows that the VHDL models are functioning almost similar to the Visual C++ function. The results for both versions are shown in table 2 and 3. Comparing the maternal and fetal RR interval values (in terms of number of samples between the intervals), the maternal error is consistently less than 0.3%, and the fetal error percentage is within 0.5%. All the differences are caused by the rounding effect during computation. However, when a fetal peak loss happens, an error rate up to 4% might have occurred, owing to slightly different search limit implemented in the VHDL. Despite this, the VHDL interpretation of the system displays great similarities to the Visual C++ version. 
Synthesis
Conclusion
The performance achieved for the heart rate measurements from the AECG shows that the model can extract both R-peak of maternal and fetal utilizing a single-lead configuration. The result using Visual C++ shows that the fetal R peak could be detected up to 98%. Test case results also showed an error percentage of around ±0.3% and ±0.5% for the R-peak detection of maternal and fetal respectively. The system is capable of running at a maximum clock frequency of 48.56MHz, and consumed 9633 logic elements, 101616 memory space and 4 units of DSP blocks. Therefore, we can concluded that the developed algorithm and hardware approach will be a useful tool in the assessment of the fetal condition and its relationship to that of the mother's.
